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Abstract: This study investigates the stability of Inconel–Cu Multimetallic Layered Composites
(MMLCs) in nuclear reactor applications using Molecular Dynamics simulations. The focus is on
understanding the underlying mechanisms governing the properties of MMLCs for advanced nuclear
reactors, specifically, the mechanochemistry of the interface between Inconel and copper alloys. The
selection of Inconel–Cu MMLCs is primarily due to copper’s superior thermal conductivity, enhanc-
ing heat management within reactors by preventing hotspots and ensuring uniform temperature
distribution. This research examines Incoloy 800H and two Inconel variants (718 and 625), assessing
their stability at 1000 K after exposure to 10 keV collision cascades up to 0.12 dpa. Notable findings
include defect clustering on the {1 2 0} family of planes of Inconel and Cu, with Stacking Faults and
Lomer–Cottrell locks on the Inconel side.

Keywords: irradiation; multimetallic layered composite (MMLC); molecular dynamics; Inconel;
collision cascades; clustering; stacking faults; Lomer–Cottrell lock

1. Introduction

Resistance to thermal and irradiation creep, high mechanical strength, creep resistance,
fatigue resistance, radiation damage resistance, and chemical compatibility with the coolant
and the fuel [1] are some properties the structural material for Gen-IV must have. Exposure
to higher temperatures would cause hydrogen embrittlement in zirconium alloys [1]. As a
result of these requirements, materials currently used for Gen-III reactors are unsuitable
for use in Gen-IV reactors. Multimetallic layered composites (MMLCs), which decouple
interactions between different alloys by forming functionally graded materials, provide a
viable solution [2].

The austenitic nickel–chromium-based superalloys, such as Incoloy 800H [3], Inconel
718 [4], and Inconel 625 [5], are some of the candidate materials for Gen-IV reactors. Inconel
has a high oxidation resistance, one of the primary features that any candidate for fuel
cladding material must possess. Incoloy 800H has a high atomic weight percentage of
iron (47%) and a comparable atomic weight percentage of nickel (32%) and chromium
(21%). Incoloy 800H is predominantly employed in heat exchangers and industrial heating
equipment [6], yet its applications in Gen-IV reactors have been reported and [7] compre-
hensively reviewed [8]. It was found that Incoloy 800H has a lower thermal conductivity
and a higher resistance to temperature-induced corrosion [9], and it was found to be a
viable option for VHTRs. Fine precipitates were observed to form in Incoloy 800H when
subjected to irradiation at a temperature of 500 ◦C [10]. Laser cladding was used to improve
the high-temperature oxidation characteristics of Incoloy 800H [11]. Inconel 718 has an
atomic weight composition of 55% Ni, 21% Cr, and 24% Fe. At high temperatures, the
self-diffusion of Ni atoms was observed to govern mechanical deformation in Inconel 718.
Inconel 718, notable for its usage in turbocharger rotors and gas turbines, constitutes over
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30% of the mass of modern aircraft engines [12]. Inconel 718 was found to be a highly
suitable material to manufacture bellows in nuclear power plants owing to its compatibility
with the coolant and its chemical inertness [13].

Similarly, Inconel 625 is instrumental in the marine and nuclear sectors [14,15]. Inconel
625 contains a very high atomic weight percentage of Ni (72%), a comparable concertation
of Cr (23%), and a meager percentage of Fe (5%). It was initially meant to be used as
a material for steam-line piping and is highly resistant to oxidation and corrosion. Its
original composition was modified to make it weldable and even more creep-resistant [16].
The investigation into understanding the corrosion properties of Inconel 625 in a reactor
environment [17] yielded results that indicated a high corrosion resistance up to a temper-
ature of 1500◦F. Inconel 625-clad steel possessed excellent corrosion resistance in severe
environments in energy and processing industries [18]. The properties of Inconel have been
studied to evaluate its use in the tokamak concept [19] of the nuclear fusion reactor. Inconel
625 was studied as the material in the neutron shielding structure of the vacuum vessel in
the JT-60SU tokamak device [20]. Inconel 718 was used as a part of the inner wall and the
outer wall structures in an Affordable Robust Compact (ARC) fusion reactor [21], where it
was observed that Inconel 718 maintained a good degree of creep resistance to temperature
until around 930 K.

The inclusion of copper in the composition of MMLCs under investigation is justified
by its excellent corrosion resistance and the demonstrated irradiation resilience of copper-
electroplated Zircaloy claddings [22,23]. The effect of copper addition on the oxidation of
zirconium alloys used as nuclear fuel cladding materials [24,25] as well as the influence
of copper on Zircaloy fuel cladding degradation [26] has already been investigated. It
was also observed that the Ultimate Tensile Strength (UTS) and Yield Strength (YS) of
zirconium (Zr) alloys had a considerable degree of dependence on their copper content [27].
Copper has been studied as a material used to make canisters to isolate spent nuclear
fuel in the long term [26]. The influence of elevated temperature on Cu showed a linear
degree of corrosion at the beginning and exponential kinetics of corrosion after prolonged
exposure, which resulted in layers of cupric oxide (CuO) and cuprous oxide (Cu2O) [28].
The electrical impedance was determined to be affected by the growth and nucleation of
deposits on the copper surface [29]. An explosively bonded laminated Inconel–Cu plate
was used as the toroidal field and ohmic heating conductor material in a Compact Ignition
Tokamak (CIT) to provide the conductors an enhanced conductivity/strength ratio [19].
Cu has a high thermal conductivity of ~390 W/mK, which is only second to silver among
all metals. Its thermal conductivity is almost 30 times higher than that of stainless steel [30].
Incorporating Cu in a Fe-Cu bimetal provided high thermal conductivity in the heat sink
since the quick dissipation of heat was facilitated by the Cu [31]. An increase in thermal
conductivity and thermal diffusivity of ~65% and ~500%, respectively, was observed in
the bimetallic Inconel 625–Cu structure in comparison with Inconel 625 [32]. GRCop-84,
which contains ~87.5 wt.% of Cu, when added to Inconel 718 to create a bimetallic structure,
resulted in a thermal diffusivity increase of ~250% as compared with the pure Inconel 718
structure [33].

When exposed to radiation, materials face radiation damage, resulting in the accu-
mulation of defects such as voids, vacancies, and interstitials, which are fundamental
radiation-induced atomic changes. These defects tend to impair the material’s mechanical
and thermal properties, leading to performance degradation [34,35] and the structural
integrity of the nuclear reactor. The formation of cracks further enhances the possibility
of accidents. Here, we employed the Molecular Dynamics (MD) simulation technique to
study irradiation effects on the stability and mechanical properties of irradiated Inconel–
Cu MMLCs. This method has successfully formulated a theory that quantifies elastic
interactions to describe homogeneous grain boundary phase nucleation at elevated temper-
atures [36]. In this work, we considered one Incoloy combination—i.e., Incoloy 800H—and
two Inconel combinations, i.e., Inconel 718 and Inconel 625.
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2. Materials and Methods

Three compositions of Inconel, namely, Incoloy 800H (Ni32Cr21Fe47), Inconel 718
(Ni55Cr21Fe24), and Inconel 625 (Ni72Cr23Fe5), for an 80 × 40 × 40 face-centered cubic
(FCC) lattice structure of Cu with 512,000 atoms were considered, with both the Inconel and
copper layers having a thickness of 144.32 Å each. This system size ensures that the collision
cascades initiated by 10 keV Primary Knock-on Atoms (PKAs) have no interaction with the
periodic images during the modeling of the collision cascades [37]. For constructing the
atomistic model of the MMLC, the left half of the pre-existing copper slab was replaced with
an equivalent Inconel segment, resulting in a structure composed of 256,000 Inconel atoms.
This modification creates an Inconel–Cu composite characterized by a (100) crystallographic
interface between the two metallic constituents. Upon irradiation, PKAs are generated,
leading to lattice displacements within the irradiated structure. The determination of
the damage caused by irradiation was performed by considering vacancies and formed
defects using Seitz’s theory [38] of moving atoms. The initiation of this process occurs
when an atom is perturbed from its original lattice site, which then imparts energy to
neighboring atoms through collisional interactions, precipitating a cascade of subsequent
atomic displacements. The PKA can induce multiple displacements of atoms in other lattice
sites if it possesses an adequate amount of energy, or it can come to rest at an interstitial
lattice site if it does not have enough energy [39]. We performed MD simulations using
LAMMPS Version 3.7.8. [40]. The Inconel–Cu structure was initially relaxed at 1000 K [41],
which is the operating temperature of fluoride salt high-temperature reactors, for 50 ps
under NVT ensemble with a time-step of 1 fs. Ni atoms were selected as the PKA for the
cascade simulation since it has the largest radiation surface of all the atoms in this model.
The identification and analysis of the defects were performed using the Wigner–Seitz
cell [42] method in OVITO version 3.7.8 [43].

In studying radiation effects on the Inconel–Cu heterostructure interface, the PKA
velocity distribution is anisotropic [44]. The velocity magnitude is distributed as v = (0.99,
0.135, 0.042)|v| [44]. The velocity vector ‘v’ represents the distribution direction of the
energy. The velocity magnitude corresponding to a 10 keV energy peak is predominantly
oriented in the x-direction, which is normal to the Inconel–Cu interface. Using this en-
ergy distribution, the structure was homogeneously irradiated up to a radiation dose of
0.12 dpa. A microcanonical (NVE) ensemble was employed for the cascade simulation
over a 20-picosecond duration, utilizing a variable time-step algorithm to optimize numeri-
cal efficiency. The PKA selection process is governed by a successive cascade algorithm,
whereby a solitary atom within a stipulated spherical volume is designated as the PKA and
endowed with the requisite energy of 10 keV to initiate bombardment processes [44–48].
The evolution of the collision cascade events happens in four stages, namely, the initial
collision, thermal spike (TS), ballistic mixing, and annealing. During the initial collision
stage, lasting 0.9–1.5 ps, energy dissipates, or further displacements occur, without defect
clustering because of the brief duration. To prevent atoms from moving beyond 0.1 Å,
the time-step is reduced to 0.01 fs from the usual 1 fs, resetting every 10 steps. The TS
stage [49,50] involves the dissipation of the maximum cascade energy to neighboring atoms
within ~1 ps of the PKA initiation, which results in the maximum displacement of the
atoms. In this stage, there is a spike in the temperature in correlation to the 10 keV PKA
energy that is provided. At the end of the collision cascade, the TS is quenched back to
1000 K. In the ballistic mixing stage, the Ni, Cr, and Fe atoms on the Inconel side diffuse
gradually into the Cu side, facilitating the formation of several vacancies and interstitials.
The final stage is the annealing phase, which is instrumental in causing defect displacement
and annihilation. The collision damage becomes detectable in this phase. This phase lasts
~10 ps.

Interatomic forces within the four-element atomic system are characterized by an
embedded atom method (EAM) potential [51]. EAM potentials can model the behavior of
atoms in metals and alloys at the atomistic scale. It simulates many-body interactions by
considering the local electron density around the atoms. The EAM potential is augmented
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with Ziegler–Biersack–Littmark (ZBL) parameters to enhance the fidelity of cascade simula-
tions, especially for high-energy and short-range interactions [52,53]. ZBL potentials help
model the interatomic interactions at distances where repulsion between atoms occurs and
find utility in modeling atomic interactions during irradiation damage simulations. The
expression that gives the total energy is

ETot = EEAM H
(
rij
)
+ EZBL

(
1 − H

(
rij
))

(1)

where the Heaviside function H(rij) ensures the seamless shift between the EAM and ZBL
potentials. Since the first nearest neighbor atom distance is 0.707a, with a being the lattice
constant, the inner and outer radii of the ZBL potential should be lower than this distance
value. Knowing that the value of this distance for Ni is 2.49 Å, the inner and outer radii are
chosen to be 0.9 Å and 1.25 Å, respectively [44].

To obtain the displacement per atom (dpa) for each PKA, two methods were employed,
which were the Stopping and Range of Ions in Materials (SRIM) [52] code and the Norgett–
Robinson–Torrens (NRT) equation [54]. The SRIM method is used to simulate the deposition
trajectories and profiles of ions when they are exposed to high-energy beams. It also predicts
the evolution of damage in materials subjected to impact from high-energy ions. There
are two ways displacement damage parameters can be computed in SRIM, namely, the
‘Quick’ Kinchin Pease [55] calculation and the Full Damage Cascade calculation. The
input parameters used were as follows: The input layers consisted of one layer of Incoloy
800H (Ni32Cr21Fe47) and one layer of copper. Each layer had a depth of 144.32 Å, with
nickel chosen as the incident ion. The angle of incidence of the Ni ion was 0◦, and the
energy of incidence was 10 keV. The Full Damage Cascade calculation was set to be the
damage calculation method here. We used 99,999 incident ions to obtain statistical viability.
Figure 1a shows the damage depth profile undergone by the Incoloy 800H–Cu model after
the impact of 99,999 10 keV-irradiated incident ions. Figure 1b displays the displacement
profile of the atoms in Incoloy 800H–Cu in a 3-D log-log plot, along with the number of
vacancies and displacements. The damage in the form of the number of vacancies, which is
used to calculate the dpa, is plotted against the target depth in Figure 1c. The energy loss
due to irradiation is plotted against the target depth in Figure 1d.

The value of the damage was obtained from the SRIM calculations, and fluence is the
parameter that denotes the number of incident atoms per unit area of the interface. The
displacement per atom (dpa) was calculated here [44] as

dpa = Damage × Fluence × Atomic volume (2)

From the SRIM calculations, the value of dpa for one PKA was 2.24 × 10−3.
In our study, we neglected electronic stopping and assumed that the collision cascades

are frictionless [56,57]. This assumption facilitates an inherent safety factor and leads to
an overestimation of the damage. The modeling of electronic stopping can be performed
by adding a friction term in the equation for the motion of atoms [58–60]. The NRT
equation [54] is

dpa =
0.8EPKA

2Ed
(3)

where EPKA is the energy of the PKA and Ed is the threshold displacement energy.
The dpa value for one incident ion was calculated to be equal to 0.34 × 10−3 using

the NRT equation. Compared with the dpa value calculated from the SRIM method, there
was a drop of ~84% here. The SRIM’s internal model has significant error in calculating
the number of vacancies [55]. Therefore, the NRT model, which uses the damage energy to
calculate the number of displacements, was preferred in our work.
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Figure 1. SRIM calculation of damage in Inconel–Cu MMLC. (a) Target depth profile of Incoloy
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vs. target depth plot, and (d) damage energy vs. target depth plot.

Nickel atoms are chosen to be the PKAs. There are 512,000 atoms in the simulation
cell, thus, νT = 1

512,000 [44]. From the NRT model, without considering the phononic effect,
to obtain a damage of 0.12 dpa for 10 keV, and using Ed = 23 eV for Ni [61], the number of
PKAs is calculated as follows [54,55] to obtain a value of 354:

PKA =

(
dpa × 512, 000 × 23

10,000

)
0.4

(4)

3. Results and Discussion
3.1. Defect Clustering

To obtain a robust statistical foundation, our MD simulations incorporated a minimum
of three distinct seed velocities for each Inconel–Cu model, with an increase to four seed
velocities for the Inconel 718–Cu model. In LAMMPS, the velocity of atoms is assigned
during the initialization based on the simulation temperature, in a random fashion. To
achieve different velocity distributions for a given temperature for statistical analysis,
different numbers shall be selected as the seed of the random number generator for a
given velocity distribution, which is called seed velocity. Here, we created a random seed
number based on the atom’s xyz coordinates. Our results revealed that the introduction of
a cascade via a PKA leads to the formation of Frenkel defect pairs, i.e., an equal number of
vacancies and interstitials. Surprisingly, all Inconel–Cu models demonstrated a propensity
for defect clustering, preferentially located along specific crystallographic planes within the
copper and/or Inconel matrices after irradiation. These defect clusters manifested in three
characteristic configurations shown in Figure 2 as follows: firstly, the clustering planes on
both the Inconel and copper sides were oriented parallel to one another; secondly, these
planes exhibited a mirrored arrangement; and thirdly, the planes were angularly disposed
with respect to each other. Table 1 depicts the planes along which clustering, SF forma-
tion, and L-C lock formation happened in the different cases of each of the three models
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(video in Supplementary Materials). All the observed planes of defect clustering belonged
to the {1 2 0} family of planes. The observed planes of SF formation and persistence, in the
cases of Incoloy 800H–Cu and Inconel 718–Cu, belonged to the {1 2 2} family of planes,
and these SF planes led to the formation of L-C locks in a couple of the cases of Incoloy
800H–Cu. When the SFs formed along the {1 2 0} family of planes, they were subsequently
eliminated by the defect clustering process, which also happened along the same family
of planes. These findings were corroborated through crystallographic analysis utilizing
Crystal Maker version 11 [62]. Defect clustering was initiated only after the models under-
went an irradiation damage value of ~0.045 dpa, i.e., after the incidence of ~120–130 PKAs.
In the case of Incoloy 800H and Inconel 718, which had an atomic weight percentage of
iron of 47% and 24%, respectively, defect clustering was observed at ~0.06 dpa damage. It
occurred far more quickly in the case of Inconel 625, which had only 5% of iron in it.
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Figure 2. Clustering planes in Inconel–Cu. (a) Front view and top view of clustering planes on the
Inconel (left) and Cu (right) sides parallel to each other (in Incoloy 800H–Cu) at a dose of 0.119 dpa.
(b) Front view and top view of clustering planes on the Inconel and Cu sides mirroring each other (in
Inconel 718–Cu) at a dose of 0.091 dpa. (c) Front view and top view of clustering planes on the Inconel
and Cu sides at an angle to each other (in Inconel 625–Cu) at a dose of 0.102 dpa. The visualization
was performed using OVITO.

Irradiation-induced SFs [63] were observed on the Inconel interface. The formation of
defect clusters created an elastic stress field, which led to the diminishing and subsequent
elimination of these SFs and resulted in SF planes being replaced by defect cluster planes
(Figure 3 and video in Supplementary Materials). The detection of these SFs can be made
feasible through transmission electron microscopy [64]. In Incoloy 800H–Cu, the third seed
velocity led to the formation of SFs, forming (L-C) locks [65]. The persistence of SFs and
L-C locks prevented the defect clustering from occurring. In Inconel 718–Cu, the first seed
velocity led to the clustering of SFs along a distinct plane. The SF and L-C lock planes
belonged to the {1 2 2} family of planes (Figure 4). In Inconel 625–Cu, SFs could not cluster
and were quickly eliminated by defect clustering. Incoloy 800H–Cu and Inc 718-Cu had
much higher iron content in comparison with Inconel 625–Cu, which explains the formation
of SFs and L-C locks in Inc 718-Cu and Inc 800H-Cu and why SFs could not cluster in Inc
625-Cu.
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Table 1. Defect clustering planes on the Inconel and Cu sides in the three models. The Inconel and
Cu clustering planes were observed to belong to the {1 2 0} family of planes, while the SF and L-C
locks formed along planes belonging to the {1 2 2} family of planes.

Model Case
No.

Cu Clustering
Plane

Inc Clustering
Plane

Stacking Fault
(SF) Plane

Lomer–Cottrell
(LC) Lock Plane

Inc 800H-Cu
(Ni32Cr21Fe47-Cu)

1 (−1 2 0) (−1 2 0) (−1 −2 2) (−1 2 2), (−1 −2 2)

2 (−1 0 2) (−1 2 0) (−1 −2 2) -

3 (−1 0 2) - - (−1 2 2), (−1 −2 2)

Inc 718-Cu
(Ni55Cr21Fe24-Cu)

1 (1 2 0) - (−1 −2 2) -

2 (1 2 0) (1 −2 0) - -

3 (−1 0 2) (1 −2 0) - -

4 (−1 0 2) (1 0 −2) - -

Inc 625-Cu
(Ni72Cr23Fe5-Cu)

1 (1 0 2) (1 0 2) - -

2 (−1 0 2) (−1 0 2) - -

3 (−1 2 0) (1 0 2) - -
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The equilibrium distance between Fe and other alloying elements of Ni, Cr, and Cu is
higher than bonds that do not involve Fe [51], leading to larger unit cells on average, which
can accommodate interstitials during radiation without creating significant stresses. The
higher the Fe content on the Inconel side, the higher this capability, and therefore, it delays
the clustering of defects along a plane.

3.2. von Mises and Deviatoric Stresses

We investigated the influence of defect clustering on stress states by calculating hydro-
static, von Mises, and deviatoric stresses. Notably, deviatoric stress, characterized by three
invariants, offers insights into shear stress magnitude and direction through its second
(J2) and third (J3) invariants. Analyses of the hydrostatic stress revealed that all models
exhibited compressive volume changes. Interestingly, in the analysis of von Mises stress,
observations indicated a decrease in stress levels concomitant with the initiation of defect
clustering on the Inconel side. Conversely, a pronounced increase in stress was noted with
the onset of defect clustering on the Cu side, as shown in Figure 5a. These observations are
parallel to the trends noted in J2, where the magnitude of shear stress increased sharply at
points of copper clustering and decreased at points of Inconel clustering, as well as with
the formation of SFs and L-C locks. The defect clustering configurations on the Cu and
Inconel sides influence the direction of the shear stress, which was indicated as the third
deviatoric stress invariant (J3). When the clustering planes on the Inconel side and the Cu
side (i) were parallel to each other, the shear stress seemed to increase (J3 > 0); (ii) exhibited
mirror symmetry, the shear stress seemed to increase (J3 > 0); and (iii) were at an angle to
each other, the shear stress seemed to decrease (J3 < 0). The formation of SFs and L-C locks
does not have a marked effect on the direction of shear stress.

Another key finding was regarding the influence of clustering on the Inconel and Cu
sides on the direction of the shear stress. Even though the ultimate direction of the shear
stress was determined by the orientation of the defect clustering planes on the Inconel and
Cu sides, we observed that there was a drop in the magnitude, or a tendency to have a
dop in the magnitude, of the von Mises stress and the shear stress values whenever defect
clustering happened on the Inconel side. On the Cu side, the von Mises and shear stress
values saw a sharp rise in their magnitude whenever defect clustering happened there, as
shown in Figure 5a,b.

Another indicator of the nature of the shear stress was the order in which defect
clustering planes formed in the models. When Inconel clustering preceded clustering on
the Cu side, the shear stress direction tended to veer towards being positive. When Inconel
clustering followed clustering on the Cu side, the shear stress direction tended to edge
towards the negative direction. However, the configuration of the defect clustering planes
on the Inconel and Cu sides ultimately decided the nature of the shear stress.

The relaxation of the shear stress on the Inconel side drives the formation of defect
clusters. Shear stress relaxation leads to the formation of SF planes, which are eliminated
and replaced by defect clusters. The stress field on the Inconel side drives the defect
clustering on the Cu side. Defect clustering may further lead to the formation of voids
and microcracks upon agglomeration of the point defects unless they recombine with
interstitials. Thus, defect clustering acts as a double-edged sword, which may make the
MMLCs more structurally stable by relaxing the plastic deformation formed by SFs or may
facilitate the failure of the MMLCs by initiating microcracks.
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4. Conclusions

Three variants of Inconel–Cu alloys were exposed to irradiation employing PKAs
with velocities equivalent to 10 keV energy, reaching a damage level of 0.12 dpa through
MD simulations. The irradiation resulted in defect clustering, including vacancies and
interstitials, predominantly observed along the {1 2 0} family of crystallographic planes on
both the Inconel and Cu components. Specifically, on the Inconel side, defect clustering is
facilitated by the annihilation of SFs. In cases where SFs were not eliminated, an aggregation
of SFs alongside the formation of L-C locks was evident.

The propensity for SF accumulation was notably significant in Incoloy 800H–Cu,
containing 47% iron, and Inconel 718–Cu, with 24% iron, while Inconel 625–Cu, with a mere
5% iron content, demonstrated the predominance of defect clustering over SF formation.
This suggests a correlation between the iron content in Inconel alloys and the extent of
defect clustering observed. Analysis of the von Mises stress revealed that clustering on the
Cu side markedly increased the von Mises stress, while clustering on the Inconel side, SF,
and L-C lock formations all led to a small drop in the von Mises stress.

The investigation into the shear stress dynamics, facilitated by plotting the second and
third invariants of deviatoric stresses against dpa, showed that the nature of shear stress
depends on the defect clustering configurations in the Inconel and Cu sides. Increasing
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shear stress was observed when defect clustering planes on the Inconel and Cu sides were
parallel or mirrored, whereas decreasing shear stress manifested when these planes were
angularly aligned. The comprehensive impact of defect clustering, including the effects of
diffusion and defect quantity, warrants further investigation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcs8040139/s1, Video S1: SF_formation; Video S2: SF_Elimination_
by_defect_clustering.
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